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ABSTRACT

ARTICLE HISTORY

An external electric field applied across a planar-aligned cell in Smectic A* phase of de Vries smectic
liquid crystal induces director redistribution over a cone, resulting in a substantial increase in the
birefringence and the apparent optical tilt angle. Such an electro-optic response is modelled by Shen et
al. [Y. Shen et al., Phys. Rev. E 88, 062504 (2013)], who modified their previous hollow cone with a diffuse
cone model by introducing the molecular distribution function limited over a range of tilt angles, that
lie in between θmin and θmax. The limits in these two tilt angles are assumed to be temperature
independent though the tilt angle in between the two values can be temperature dependent.
However, the high resolution measurements of birefringence and the layer thickness indicate the
presence of temperature dependent diffuse cone angle in SmA* phase.. In the proposed model, we
replace θmin by θT, a temperature dependent fitting parameter and the change shows that a better fit of
the experimental data to the model is obtained. We determine the temperature dependence of θmin
and show that this angle increases as SmA* to SmC* phase transition temperature is approached.
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1. Introduction
The Smectic A (SmA*) to Smectic C (SmC*) (* stands for
the chiral molecules) phase transition in chiral smectic
liquid crystals is associated with an emergence of a large
tilt angle θ between the director and the layer normal, ~
k.
The tilt angle in the SmC* phase can be as large as ~45° in
orthoconic compounds, and the layer thickness in SmC*
phase can thus be reduced up to ~29% [1]. This is based on
the assumption that the liquid crystalline molecules are
approximated by inflexible hard rods, dAC = dAcosθ; dAC
and dA are the thicknesses of the smectic layer at the SmA*–
SmC* transition and in SmA*.
The advantage of using chiral molecules in a device is
that spontaneous polarisation, Ps, emerges from a
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combination of the chirality and the dipole moment/s
attached to (or close to) the chiral centre of the molecule.
In SmC* phase, these dipoles produce Ps, which emerges
at right angles to the tilt plane (the plane comprising the
layer normal and the director), Ps interacts with the
electric field and it produces a large torque on the director, which switches the device almost 1000 times faster [2]
compared to a weaker torque exerted by the field on the
dielectric anisotropy of nematics.
However, in a planar-aligned liquid crystal cell, the
combined effects of layer shrinkage and the surface anchoring result in to the buckling of smectic layers in opposite
directions thus to the formation of chevron structure/s [3].
The opposite folds of the chevron structures result in the
appearance of the zigzag line defects. These defects severely
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many features of de Vries electro-optical behaviour, but the
experimentally observed unique sigmoidal shape of the
electro-optic response cannot be that easily fitted. To take
account of it, Shen et al. in 2013 [11] suggested an alteration
to this model to include the tilt over a limited range of tilt
angles. This is termed as ‘generalised Langevin-Debye
model’. A detailed explanation of the above two models is
given later in this article. In this work we modify the
‘generalised Langevin-Debye model’ as will be given
below and modified model is used to fit the electro-optical
response of the two chiral de Vries smectic liquid crystals
investigated here.

degrade the optical quality of the display [4] and the contrast ratio is thereby reduced.
The zig-zag line defects in the texture are minimised if
the layer shrinkage at the transition and within the SmC*
phase is significantly reduced. In the ideal case, if the layer
shrinkage is zero, then there should be no defects in the
texture. Adrian de Vries [5–8] and Diele et al.[9] showed
that some smectic liquid crystalline materials exhibit a little
layer shrinkage at the SmA to SmC transition. Though
these findings were made for smectics composed of achiral
molecules, however results are equally applicable to chiral
ones. One of the explanations for the reduced layer shrinkage may lie in that the layer thickness in SmA phase is
much lower than length of the most stretched and plausible molecular configuration. As a consequence of it, the
constituent molecules are tilted with a relatively large tilt
angle in SmA phase but these are azimuthally distributed
over a cone, as a consequence of SmA phase being uniaxial.
At the SmA to SmC transition the azimuths condense to a
single value of either 0 or 2π rad due to a lift in the
degeneracy of azimuthal angle, provided the tilt angle
were not to change significantly. Hence the layer contraction at the transition temperature is almost close to zero.
The electro-optic response consists of measuring the (a)
apparent tilt angle induced by the electric field and (b) the
birefringence of a planar-aligned cell of cell-thickness of a
few micrometres. The de Vries chiral smectics exhibit a
characteristic sigmoidal shaped electro-optic response over
a range of temperatures in the SmA* phase [10–15]. In
2002, Clark et al. modelled the electro-optic response by the
Langevin-Debye model with free energy function of the
system such that the molecules in SmA* phase are confined
to a cone with a fixed tilt angle [10]. They demonstrated the
fitting of the birefringence data with two values of the
apparent tilt angle in SmA* phase (25° and 34°) as well
their data in SmC* (34°) close to the SmA* - SmC* transition temperature. This method can qualitatively reproduce

2. Material under investigation and the
experimental techniques
The molecular structure and the phase transition
temperatures of the compounds DR276 and DR277
are given in Figure 1. The design of these molecules
was inspired from structures of well-known de
Vries smectic materials MSi3MR11 [16,17] and
TSiKN65 [18]. The maximum layer shrinkage in
SmC* measured using X-ray diffraction of DR276
and DR277 is found to be ~1.9% and 0.9%, respectively [19]. These materials have excellent LC characteristics in terms of exhibiting a wide range of
temperatures of SmA* and SmC* phases. The temperature range for both also includes the room
temperature, a highly desired practical characteristic
of these materials for use in devices. Differential
scanning calorimetry scans show SmA* to SmC*
transition as weakly first order [19]. Here we use
the experimental results of the field dependent birefringence and the apparent optical tilt angle in
order to understand the microscopic origin of the
features of the diffuse cone behaviour.

(a)

Cr 14°C SmC* 78.5°C SmA* 87°C Iso

(b)
Cr 6 °C SmC* 65.5 °C SmA* 77 °C Iso

Figure 1. The molecular structure and the phase transition temperatures of (a) DR276 and (b) DR277.
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The birefringence and the optical tilt angle were
measured as a function of the field using a rotating
polarimetry technique explained in refs [13,14,19,20].

3. The electro-optic modelling
Figure 2 shows the temperature dependent birefringence
for zero and the maximum amplitude of the applied
electric field applied across a planar-aligned cell with
DR276 in SmA* phase [19]. For higher temperatures
in the SmA* phase (close to the isotropic phase), Δn
increases slightly by increase in the applied field. The
birefringence for zero applied electric field decreases
with temperature as opposed to normally increasing in
a conventional smectic A* phase. Furthermore on cooling in SmA*, the difference in the birefringence between
the maximum and the zero fields increases significantly
with a reduction in temperature reaching a maximum at
the SmA*–SmC* transition. These are the typical characteristics of the de Vries SmA* [21]. These features are
also observed in achiral de Vries smectics doped with a
chiral dopant [22]. An applied electric field of 14 V/μm
increases the birefringence by 32% at the SmA*–SmC*
phase transition temperature TAC. This feature reflects
the emergence of molecular tilt angle within the temperature range of SmA*, the angle first increases slowly
in SmA* and then rapidly on approaching the SmA*–
SmC* phase transition temperature.
As outlined earlier, Clark et al. in 2002 showed that
Langevin-Debye model could be used to qualitatively
explain the electro-optic response of de Vries smectics
by assuming that molecules are azimuthally distributed
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over a cone with a fixed tilt angle [10]. When an electric
field E is applied along the plane of smectic layer, its
interaction with the local dipole moment (p) contributes
to the free energy, U ¼ pE cos ϕ, ϕ is the angle between
the dipole moment p and the electric field E across the
cell. In order to quantitatively reproduce the sigmoidal
response, Shen et al. in 2013 added a second term in E to
the free energy. In this case, the first is the linear term in
E,  p0 E sin θ cos ϕ, the second order term in E is
αp0 E2 sin θcos2 ϕ. These terms have degrees of freedom
in both ϕ and θ. p ¼ p0 sin θ is the dipole moment of the
tilt correlated domain. θ(E) is restricted to vary within a
range of values determined by the experiment. The free
energy in the generalised Langevin-Debye model can thus
be written as:
U ¼ p0 E sin θ cos ϕð1 þ αE cos ϕÞ

(4)

α is the scaling factor for the second term, responsible for
the sigmoidal response. In Shen’s model θðEÞ lies as
already stated between θmin and θmax . Both limits in the
tilt angle are assumed to be temperature independent
though the tilt angle in between the two values can be
temperature dependent. In our model, we replace θmin by
a temperature dependent variable θT and retain θmax as
before. The molecular orientational distribution function
(ODF) is defined with the lower limit in tilt θT as below:
θmax
ð 2ðπ

exp½U=kB T sin θdθdϕ

f ðθ; ϕÞ ¼ exp½U=kB T=
θT 0

(5)
An average of any parameter hxi is calculated from the
given molecular distribution, such as:
θmax
ð
ð 2π

hxi ¼

xðθ; ϕÞf ðθ; ϕÞ sin θdθdϕ

(6)

θT 0

By averaging the dielectric tensor over the ODF and by
neglecting the molecular biaxiality, Shen et al. derived
the following formulae for the optical tilt θind (E) and
Δn (E) as (for details see appendix Ref [11].),
tan 2θindðEÞ ¼

Figure 2. A plot of the birefringence Δn of a planar-aligned LC
cell measured as a function of the reduced temperature in the
SmA* phase with (i) electric field of 14 V/μm applied across the
cell and (ii) in the absence of electric field in SmA* phase of
DR276.

hsin 2θ cos ϕi
hcos2 θ  sin2 θcos2 ϕi

ΔnðEÞ hcos2 θ  sin2 θcos2 ϕi
¼
Δnmax
cos 2θind

(7)

(8)

Δno is the birefringence for zero field i.e. (E =0), for which
θind ¼ 0. The optimal value of θmin is calculated from the
ratio of the zero-field to the maximum field birefringence
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(saturated by the field) using Equation 8. θmin is replaced
by θT and hence the limits of θ are from θT to θmax in
Equation (6); θmax refers to the measured optical tilt angle
for a large enough value of the applied electric field where
the birefringence is saturated with field. For DR276, the
measured saturating optical tilt angle θmax is 31° and for
DR277, the measured value of θmax is 33° [19]. From the
results of the temperature dependent layer thickness [Fig.
11 [19]] and the temperature dependence of the zero field
birefringence Δno (Figure 2) we anticipate that the lower
limiting variable θT should be a function of temperature.
For this reason, we modify the model and replace the
lower integration limit θmin by θT, as an additional fitting
parameter in Equation (6), while p0 and α are also the
fitting parameters as before; θT, α, p0 are found from
Equations 7 and 8 which use Equations 4–6 through a
computer programme written in MAPEL that best fits the
plots of birefringence and the induced tilt angle both as
functions of the electric field at a given temperature. The
procedure so established is repeated for all experimental
values of the temperature.
Figures 3(a,b) shows the quality of the fit for the electric
field dependent values for Δn and θind for T = (TAC + 1)°C
in the SmA* phase, respectively. The data for the induced
tilt and birefringence (symbols) fits well to the model
(solid lines) using Equations (7) and (8), respectively.
We note that both Δn and θind show linear response for
higher temperatures in the SmA* phase i.e. close to Iso–
SmA* transition temperature. Under slow cooling, the
response particularly in birefringence exhibits a sigmoidal-shaped curve, clearly seen for (T − TAC) ≤ 2°C [19].
The modified generalised Langevin-Debye model reproduces the characteristic electro-optic response quite well
supported by the quality of the fit. For the DR277, the
theoretical curves are extrapolated up to 14 V/μm to
compare it with DR276 results.
The temperature dependence of the fitting parameters
p0, αand θT are shown in Figure 4. Magnitude of p0 diverges
on approaching the SmA*–SmC* phase transition temperature, p0 corresponds to the growth in the size of the
tilt-correlated domain. Values of p0 are very similar for
both compounds DR276 and DR277, which implies that
the size of the tilt-correlated domain in both cases is almost
the same. However, if we compare p0 with that obtained
from the fitting of the other de Vries smectic materials, they
differ and depend on different molecular systems. The
phenomenological scaling parameter α increases almost
linearly on cooling as SmA*–SmC* transition temperature
is approached. The scaling parameter ‘α’ for DR277 is
greater than for DR276 by 10–20% as temperature is
reduced. This is a consequence of DR277 exhibiting higher
sigmoidality than DR276. For a given range of temperatures, θT is found to vary from 14° to 18° for DR276 and 24°

Figure 3. (a) Birefringence Δn and (b) the apparent tilt angle
θind plotted as function of the applied electric field for
T = (TAC + 1)°C in the SmA* phase. Symbols denote experimental data. The solid lines correspond to the fit of the
data to the Modified model.

to 26° for DR277, a clear increase is seen on cooling. This is
found as would have been expected from the above discussion. Higher θT for DR277 supports the low layer shrinkage
obtained from X-ray measurements and this also explains
that birefringence for DR277 is lower than for DR276 at
zero electric field.
Figure 5 shows the plots of ODF f(θ,ϕ) for DR276
calculated from the modified generalised Langevin-Debye
model for a temperature of (TAC +1)°C where amplitude of
the applied field is varied. For zero field, the molecules are
distributed evenly over a diffuse cone with θ varying from
θT to θmax. On applying the electric field across a planaraligned cell, the cone gets distorted as the molecules are
forced to be restricted towards one of the sides of the cone.
As the applied field is increased, molecular distribution f(θ,

LIQUID CRYSTALS
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Figure 5. The orientational distribution function f(θ,ϕ) calculated from the modified generalised Langevin-Debye model for
DR276 for (TAC +1)°C at selected applied fields of (a) 0 V/µm, (b)
2.5 V/µm and (c) 7.5 V/µm. (The distribution function is shown
in the polar co-ordinates). The layer normal ~
k is parallel to Z.

ϕ) is increasingly condensed where the molecules are confined to lie within a narrow range of azimuthal angles. This
is also borne out by θind saturating as observed
experimentally.

4. Conclusions

Figure 4. The temperature dependence of the fitting parameters for the compounds DR276 and DR277. (a) The local
dipole moment p0. (b) The phenomenological scaling parameter α, (c) The diffuse cone temperature dependent tilt
angle θT of the model.

The temperature dependence of the layer thickness and the
birefringence exhibit unusual trends in de Vries SmA*
phase compared to those of the conventional smectics.
On this basis, it can be anticipated that the molecular tilt
angle (apparent tilt angle) in SmA* phase varies as a function of temperature. On following from it, we release the
fixed variable (θmin) and make it temperature dependent
(θT) in the generalised Langevin-Debye model of Shen et al.
Excellent fits of the modified model to the experimental
results for the two chiral de Vries liquid crystals are shown;
the fit provides the basis that θmin is a temperature dependent variable. θT increases with a reduction in temperature
and attains a maximum value at the SmA*–SmC* transition temperature, as expected. We show that the ‘diffuse
cone model’ can satisfactorily explain the electro-optical
behaviour of de Vries smectic liquid crystals. We reiterate
our findings [19] that the compound with four carbosilanes
is possibly one of the best ferroelectric liquid crystalline
materials that satisfies the de Vries characteristics as well as
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its SmC* phase incorporates the room temperature down
to 6°C. We confirm that the birefringence data evidences
the diffuse cone model, whereas the high resolution x-rays
data [23] can lead to the sugar loaf ODF. The solution to the
apparent contradiction may lie in that the different techniques sense different parts of the molecule. The birefringence is mainly due to the mesogen (i.e. the core part) and
x-ray diffraction is due to the molecule or the hydrocarbon
system as a whole [24].
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